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Abstract: Crucial for the long‐term survival of wild populations is their ability to fight diseases. Disease
outbreaks can lead to severe population size reductions, which makes endangered and reintroduced species
especially vulnerable. In vertebrates, the major histocompatibility complex (MHC) plays an important
role in determining the immune response. Species that went through severe bottlenecks often show very
low levels of genetic diversity at the MHC. Due to the known link between the MHC and immune response,
such species are expected to be at particular risk in case of disease outbreaks. However, so far, only few
studies have shown that low MHC diversity is correlated with increased disease susceptibility in species
after severe bottlenecks. We investigated genetic variation at the MHC and its correlations with disease
resistance and other fitness‐related traits in Alpine ibex (Capra ibex), a wild goat species that underwent
a strong bottleneck in the last century and that is known to have extremely low genetic variability, both
genome‐wide and at the MHC. We studied MHC variation in male ibex of Gran Paradiso National Park,
the population used as a source for all postbottleneck reintroductions. We found that individual MHC
heterozygosity (based on six microsatellites) was not correlated with genome‐wide neutral heterozygosity.
MHC heterozygosity, but not genome‐wide heterozygosity, was positively correlated with resistance to
infectious keratoconjunctivitis and with body mass. Our results show that genetic variation at the MHC
plays an important role in disease resistance and, hence, should be taken into account for successfully
managing species conservation.
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compatibility	 complex	 (MHC)	 plays	 an	 important	 role	 in	 determining	 the	 immune	
response.	Species	that	went	through	severe	bottlenecks	often	show	very	low	levels	of	
genetic	diversity	at	the	MHC.	Due	to	the	known	link	between	the	MHC	and	immune	











with	 resistance	 to	 infectious	 keratoconjunctivitis	 and	with	 body	mass.	 Our	 results	
show	that	genetic	variation	at	the	MHC	plays	an	important	role	in	disease	resistance	
and,	 hence,	 should	 be	 taken	 into	 account	 for	 successfully	 managing	 species	
conservation.




for	 population	 survival	 but	 knowledge	 about	 the	exact	mechanisms	
driving	 disease	 resistance	 in	 wild	 species	 is	 still	 limited	 (Acevedo-	
Whitehouse	 &	 Cunningham,	 2006;	 Buitkamp	 et	al.,	 1996;	 Radwan	
et	al.,	 2010;	Spielman	et	al.,	 2004).	Because	of	 their	vulnerability	 to	
disease	 outbreaks,	 such	 knowledge	 is	 especially	 needed	 for	 endan-
gered	and	reintroduced	species.
A	gene	region	known	for	its	role	in	disease	susceptibility	is	the	
major	 histocompatibility	 complex	 (MHC),	 a	 large	 gene	 complex	
that	encodes	proteins	 involved	 in	 immunity.	The	adaptive	 immune	
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response	in	vertebrates	 is	mainly	driven	by	the	MHC,	and	most	of	
the	 loci	 identified	within	this	region	are	expressed	and	encode	for	
MHC	molecules	 that	 bind	 immunogenic	 peptides	 inside	 cells	 and	
present	them	to	lymphocytes	for	activation	of	the	immune	response	
(Janeway	et	al.,	 2001).	The	MHC	 is	 known	 to	be	one	of	 the	most	
variable	 regions	 of	 the	 entire	 vertebrate	 genome	 (Janeway	 et	al.,	
2001).	Its	high	variability	is	due	to	the	large	number	of	genes,	sev-









2003;	 Aguilar	 et	al.,	 2004;	 Hughes	 &	 Nei,	 1989,	 1998;	 Hughes,	




or	 any	 combination	of	 them	could	maintain	MHC	diversity	 (Spurgin	
&	Richardson,	2010).	In	addition,	van	Oosterhout	(2009)	proposed	a	




low	MHC	 diversity	 can	 lead	 to	 higher	 susceptibility	 to	 disease	 and	
lower	fitness	(Bernatchez	&	Landry,	2003).	Some	studies	investigated	






fitness	or	disease	 susceptibility	were	also	 found	 in	wild	populations	
(Aguilar	 et	al.,	 2016;	 Bateson	 et	al.,	 2016;	 Lei,	 Zhou,	 Fang,	 Lin,	 &	
Chen,	2016;	Osborne,	Pearson,	Chilvers,	Kennedy,	&	Gemmell,	2015;	
Paterson,	Wilson,	&	Pemberton,	1998).


















overhunting,	 this	 species	underwent	a	 severe	bottleneck	during	 the	
XIXth	century.	Only	about	100	individuals	survived	in	the	region	now	
a	days	included	in	the	Gran	Paradiso	National	Park	(GPNP).	Alpine	ibex	
survived	 thanks	 to	 the	creation	of	a	Royal	hunting	 reserve	 followed	
by	the	establishment	of	the	Gran	Paradiso	National	Park.	Widespread	
reintroductions	 have	 since	 re-	established	 Alpine	 ibex	 populations	
across	the	Alpine	arc	 (ca.	50,000	 individuals	 in	2013,	GPNP,	unpub-
lished	 data).	 Nevertheless,	 genetic	 consequences	 of	 the	 bottleneck	
history	 are	 still	 visible	 in	 all	 ibex	 subpopulations	 (Biebach	 &	 Keller,	









parasite	 burden	 compared	with	 the	 average	of	 the	male	 population	
(Brambilla,	Biebach,	Bassano,	Bogliani,	&	von	Hardenberg,	2015).
Despite	the	general	recovery	of	the	species	after	the	bottleneck,	










A	 disease	 that	 has	 recurrently	 affected	Alpine	 ibex	 populations	
and	 led	to	population	reductions	 is	 the	 infectious	keratoconjunctivi-




conjunctivae	 (Belloy	 et	al.,	 2003;	 Gelormini	 et	al.,	 2017;	 Giacometti	
et	al.,	2002).	The	disease	 is	characterized	by	an	 inflammation	of	 the	
cornea	 and	 the	 conjunctiva	with	 different	 stages	 of	 ocular	 lesions;	
in	 the	 most	 acute	 stage,	 the	 cornea	 can	 be	 perforated	 leading	 to	
blindness	 (Mayer,	Degiorgis,	Meier,	Nicolet,	&	Giacometti,	 1997).	 In	
wildlife,	it	can	indirectly	cause	high	mortality	(up	to	30%,	Giacometti	
et	al.,	2002).	If	blindness-	related	death	does	not	occur,	recovery	from	
the	disease	 is	 frequent.	Despite	 lower	than	 in	symptomatic	animals,	
Mycoplasma	 load	 is	 also	 present	 in	 healthy	 carriers	 and	 the	 patho-
genesis	of	infectious	keratoconjunctivitis	is	thought	to	be	influenced,	
among	other	factors,	by	host	predispositions	(Mavrot	et	al.,	2012).	It	
remains	 unknown	 whether	 genetic	 factors	 may	 explain	 differences	
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in	 susceptibility	 to	 the	 disease,	 levels	 of	 infections,	 and	 recovering	
probability.
A	 recent	 study	 on	Alpine	 ibex	 highlighted	 that	 genetic	variation	
at	 the	MHC	 region	 is	 low	 (Grossen,	 Keller,	 Biebach,	&	Croll,	 2014).	
Moreover,	the	observed	variation	was	generated	by	recent	introgres-
sion	 from	 domestic	 goat	 (Grossen	 et	al.,	 2014).	Without	 the	 intro-
gression,	Alpine	 ibex	would	be	monomorphic	at	the	generally	highly	
polymorphic	DRB	exon	II	locus.	This	introgression	may	therefore	have	
been	 adaptive	 (Grossen	 et	al.,	 2017).	However,	 so	 far	 no	 study	 has	
looked	at	potential	 fitness	consequences	for	Alpine	 ibex	 linked	with	
this	 locus.	As	Gran	Paradiso	 is	 the	source	of	all	 existing	Alpine	 ibex	
populations,	 higher	 genetic	 diversity	 was	 expected	 in	 that	 popula-
tion.	Slightly	higher	genome-	averaged	variation	in	Gran	Paradiso	than	
the	reintroduced	populations	was	indeed	found	using	microsatellites	






cess	 to	 individual-	based	fitness	data	 including	disease	susceptibility.	
Hence,	the	effect	of	variation	at	the	MHC	region	on	fitness	and	dis-
ease	resistance	in	Alpine	ibex	is	currently	unknown.








2.1 | Study site, populations, and sampling
The	study	was	conducted	in	the	source	population	of	all	existing	Alpine	
ibex	 populations,	 the	 Gran	 Paradiso	 National	 Park	 (North-	Western	
Italian	Alps).	This	population	is	one	of	the	few	ibex	populations	with	
individually	marked	animals	and	the	only	one	with	reliable	long-	term	










sis	 in	Gran	Paradiso	National	Park.	Of	these	samples,	N = 147 were 





erozygosity–fitness	 correlations	 were	 performed	 only	 on	 the	 147	
samples	of	the	Levionaz	study	site.
2.2 | Fitness- related traits data collection
For	the	147	individuals	of	the	Levionaz	study	site,	which	were	born	
between	 1985	 and	 2009,	we	 collected	 data	 on	 two	 fitness-	related	
traits:	 body	mass	 and	 annual	 horn	 growth.	 To	 estimate	 body	mass,	






























et	al.,	 2015).	We	 also	 genotyped	 the	 same	 individuals	 at	 six	MHC-	
linked	 microsatellites:	 OLADRB1,	 OLADRB2,	 OMHC1,	 Bf94.1,	
BM1258,	and	BM1818	 (Table	1).	The	microsatellites	OLADRB1	and	
OLADRB2	 are	 located	 within	 the	 MHC	 class	 II	 region.	 OLADRB1	
has	 previously	 been	 shown	 to	 be	 diagnostic	 in	 Alpine	 ibex	 for	 the	
sequence	at	the	second	exon	of	the	locus	MHC	DRB	(Alasaad	et	al.,	
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(distance	based	on	homologous	sequences	in	cattle	and	sheep).	Allele	
277	 was	 completely	 associated	 with	 allele	 184	 of	 microsatellite	
OLADRB1	 (except	 for	 two	of	707	 individuals,	Grossen	et	al.,	2014).	
Microsatellite	OMHC1	is	located	within	the	MHC	class	I	region	(Groth	
&	Wetherall,	1994).	Bf94.1	is	located	adjacent	to	the	complement	fac-
tor	B	gene,	which	 is	 located	within	 the	MHC	class	 III	 region	 (Groth	
&	Wetherall,	1995).	BM1258	and	BM1818	(Maddox	et	al.,	2001)	are	
flanking	 the	MHC	 region,	 about	 9.5	Mb	 and	 6	Mb	 away	 (distances	
from	domestic	 goat).	 Protocols	 for	DNA	extraction	 and	 genotyping	
are	described	in	Brambilla	et	al.	(2015)	and	Biebach	and	Keller	(2009).
3  | DATA ANALYSIS
3.1 | Genetic diversity and heterozygosity in the 
Gran Paradiso population
Microsatellites	were	divided	 into	 two	 sets:	 one	 set	of	37	putatively	
neutral	and	genome-	wide	distributed	markers	 (selected	by	Brambilla	
et	al.,	 2015)	 and	 a	 set	 of	 six	 MHC-	linked	 microsatellites.	 Diversity	
measures	 were	 estimated	 using	 data	 from	 247	 individuals	 sampled	




erozygosity.	 Tests	 for	Hardy–Weinberg	 equilibrium	 and	 linkage	 dis-
equilibrium	were	performed	in	Genepop	(Raymond	&	Rousset,	1995).
Standardized	 multilocus	 heterozygosity	 was	 calculated	 for	 both	
marker	 sets:	 1)	 multilocus	 heterozygosity	 at	 neutral	 microsatellites	
(from here on:	 neutral	 heterozygosity)	 and	 2)	 multilocus	 heterozy-
gosity	 at	 MHC	 microsatellites	 (from here on:	 MHC	 heterozygosity).	
Standardized	multilocus	heterozygosity	was	calculated	for	each	indi-
vidual	 as	 the	 ratio	of	 its	heterozygosity	 to	 the	mean	heterozygosity	





MHC-	linked	microsatellites	 in	 three	subsets	of	 the	data:	Alpine	 ibex	





















The	 power	 to	 detect	 heterozygosity–fitness	 correlations	 is	
higher	 if	 identity	 disequilibrium	 is	 nonzero	 (Miller	 &	 Coltman,	
2014).	To	 assess	 identity	 disequilibrium,	 g2,	 a	measure	 of	 the	 co-
variance	 in	 heterozygosity,	 was	 estimated	 using	 the	 software	
RMES	(Robust	Multi-	locus	Estimates	of	Selfing,	David,	Pujol,	Viard,	
Castella,	 &	 Goudet,	 2007).	 The	 analysis	 was	 performed	 on	 the	
Levionaz	 individuals	with	 the	 six	MHC-	linked	microsatellites	 and	
1,000	iterations.
To	test	for	correlations	between	MHC	heterozygosity	and	fitness-	
related	 traits,	we	 fitted	 separate	 linear	 mixed-	effects	 models	 for	 the	
TABLE  1 Description	of	the	fixed	part	of	the	model	set	built	to	test	heterozygosity–fitness	correlations	for	body	mass	and	horn	growth





Age2 Traitij = β0 + β1·Ageij + β2·Age2ij + εij 2692.022 2804.311
Age2,	MLH	neutral Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_nij + εij 2693.307 2800.748
Age2,	MLH	neutral,	age	interaction Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_nij + β4·(MLH_n·Age)ij + εij 2694.172 2802.525
Age2,	MLH	MHC Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_MHCij + εij 2688.367 2805.404
Age2,	MLH	MHC,	age	interaction Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_MHCij + β4·(MLH_MHC·Age)ij + εij 2689.248 2806.794
Age2,	both	MLH Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_nij + β4·MLH_MHCij + εij 3343.984 3104.273
Age2,	both	MLH,	age	interaction Traitij = β0 + β1·Ageij + β2·Age2ij + β3·MLH_nij + β4·MLH_MHCij + β5· 















with	multilocus	heterozygosity	at	 the	MHC	 in	 this	study	 (see	 results).	



























































4.1 | Genetic diversity and heterozygosity in the 
Gran Paradiso population






Model description Model notation of the fixed effect AICc
Age logit	(pIKC)ij = β0 + β1·Ageij + εij 86.400
MLH	MHC logit	(pIKC)ij = β0 + β1·MLH_MHCij + εij 82.695
Age,	MLH	MHC logit	(pIKC)ij = β0 + β1·Ageij + β2·MLH_MHCij + εij 84.039
Age,	both	MLH logit	(pIKC)ij = β0 + β1·Ageij + β2·MLH_nij + β3·MLH_MHCij + εij 85.222
Models	with	AICc	values	reported	in	boldface	(ΔAICc	<	4	compared	to	the	best	model)	were	used	for	model	averaging.
MLH,	multilocus	heterozygosity.
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Multilocus	heterozygosity	at	neutral	microsatellites	was	0.434	±	0.005	

















We	were	 interested	 in	 potential	 heterozygosity–fitness	 correla-
tions	at	 the	MHC.	To	exclude	 the	possibility	 that	 such	a	correlation	
simply	reflects	a	genome-	wide	heterozygosity–fitness	correlation,	we	
compared	 genome-	wide	 and	 MHC	 heterozygosity.	 Multilocus	 het-
erozygosity	 at	 neutral	 and	MHC	microsatellites	were	not	 correlated	
(linear	 regression:	 β	± SE	=	0.018	±	0.022;	 p = .413	 n.s.),	 indicating	



















for	 instance,	355	of	1,000	 resampling	 iterations	 lead	 to	a	 change	 in	
allele	frequencies	 (here	difference	 in	allele	frequency	variance)	equal	








Locus Na AE HO HE GIS
Bf94.1 3 1.755 0.408 0.431 0.054
BM1258 5 3.827 0.740 0.740 0.001
BM1818 2 1.338 0.272 0.253 −0.074
OLADRB1 3 2.051 0.432 0.514 0.159
OLADRB2 2 1.044 0.034 0.042 0.184
OMHC1 4 1.585 0.349 0.370 0.057
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We	 furthermore	built	models	 including	additive	allele	effects	 to	
test	for	effects	of	specific	alleles.	All	models	for	body	mass	and	horn	
growth	 that	 tested	 for	additive	allele	effects	performed	worse	 than	






infectious	 keratoconjunctivitis.	 At	 the	 end	of	 the	 outbreak,	 20	 indi-




MHC	 heterozygosity	 showed	 a	 negative	 correlation	with	 infectious	
keratoconjunctivitis	 detection	 (Table	6).	 Individuals	 with	 lower	 het-
erozygosity	more	likely	showed	infectious	keratoconjunctivitis	symp-
toms	(Figure	4).	Neither	neutral	heterozygosity	nor	age	was	correlated	
with	 infectious	 keratoconjunctivitis.	 The	 same	 result	was	 confirmed	
using	a	Cox	proportional	hazard	regression	model	(data	not	shown).


























BM1258 OLA1 OLADRB2 Bf94.1 OMHC1 BM1818

















Flanking region Flanking regionMHC class II MHC class III MHC class I
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the	MHC	in	Alpine	ibex.	This	is	in	accordance	with	previous	findings	
based	 on	 a	 considerably	 smaller	 sample	 size	 (Grossen	 et	al.,	 2014).	
The	 low	variability	at	 the	MHC	region,	as	well	as	 low	genome-	wide	
variability	demonstrated	in	previous	studies	(Biebach	&	Keller,	2009;	
Brambilla	et	al.,	2015;	Grossen	et	al.,	2017),	is	likely	explained	by	the	





and	showed,	for	 instance,	17	alleles	 in	86	domestic	goat	 individuals	
(Schwaiger	et	al.,	1993).
5.2 | Heterozygosity–fitness correlations at 
MHC markers
We	analyzed	an	outbreak	of	infectious	keratoconjunctivitis,	which	oc-
curred	 in	 the	Gran	Paradiso	area	between	2005	and	2008,	 and	we	
found	 that	 individuals	with	 lower	 heterozygosity	 at	 the	MHC	were	
more	 likely	 to	 show	symptoms	of	 the	disease.	The	pathogenesis	of	
infectious	 keratoconjunctivitis	 is	 thought	 to	 be	 influenced,	 among	
other	factors,	by	host	predispositions	(Mavrot	et	al.,	2012).	Male	ibex	
in	the	study	area	of	Levionaz	 live	 in	fission–fusion	groups	and	have	
repeated	 contact	 with	 each	 other	 throughout	 the	 year	 except	 for	
late	winter	and	early	spring.	They	were	thus	all	 likely	to	have	come	








MHC	heterozygosity	may	 therefore	be	 less	 prone	 to	 severe	 reduc-
tions	as	a	consequence	of	the	disease.	During	the	outbreak	of	Gran	






















and	 hence,	 body	 mass	 probably	 also	 affects	 reproductive	 success	
(Willisch	et	al.,	2012).	Moreover,	in	ungulates,	body	mass	is	correlated	







Van	Den	Bussche	 (2001)	 in	a	 study	conducted	on	white-	tailed	deer	
(Odocoileus virginianus).
Due	 to	 differing	 habitat	 use,	 females	 are	 extremely	 difficult	 to	
mark.	 Therefore,	 the	 long-	term	 data	 set	 is	 nearly	 exclusively	 based	
on	males.	We	consequently	decided	to	only	use	males	 in	this	study.	













Model Body mass 
β ± SE,  
(Confidence intervals)
Model Horn Growth 










Age 21.360 ± 0.829, 
(19.735, 22.985)
−1.637 ± 0.126, 
(−1.884,	−1.390)
Age2 −21.176 ± 0.973, 
(−23.083,	−19.269)










R2	m,	R2 c .601,	.909 .290,	.409
A	separate	set	of	models	was	built	 for	each	of	 the	 fitness-	related	traits.	
Coefficients	 were	 obtained	 through	 natural	 model	 averaging	 between	
models	with	ΔAIC	<	4	compared	to	the	best	model.	Values	in	boldface	rep-
resent	coefficients	and	confidence	intervals	that	did	not	overlap	zero.	The	
last	line	of	the	table	reports	R2 m and R2	c	for	the	best	model	for	each	trait.	
R2 m and R2c	represent	marginal	and	conditional	pseudo-	R2-	values.
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The	 MHC	 region	 is	 primarily	 known	 to	 be	 involved	 in	 the	 im-
mune	 response	 (Siddle,	Marzec,	 Cheng,	 Jones,	 &	 Belov,	 2010),	 and	
thus,	higher	variation	at	the	MHC	region	is	expected	to	be	favoured.	




















Our	 results	 suggest	 an	 advantage	 for	 individuals	 with	 higher	
heterozygosity.	Heterozygote	advantage	is	expected	to	lead	to	de-
viations	 from	Hardy–Weinberg	 equilibrium.	However,	 none	 of	 the	
six	 MHC-	linked	 microsatellites	 analyzed	 in	 this	 study	 was	 out	 of	
Hardy–Weinberg	 equilibrium,	 suggesting	 that	 neutrality	 cannot	be	












































































































































































Body mass β ± SE,  
(Confidence intervals)
Horn growth β ± SE,  
(Confidence intervals)












Bf94.1 3.406 ± 1.709,  
(0.056, 6.756)
0.022 ± 0.156,	 
(−0.284,	0.328)
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5.3 | Direct effects of MHC markers versus general 
genome- wide effects
Heterozygosity–fitness	 correlations	 have	 previously	 been	 reported	
in	 the	 same	 population	 for	 neutral	 markers	 (Brambilla	 et	al.,	 2015).	
Heterozygosity–fitness	correlations	at	neutral	microsatellites	are	a	sig-
nal	of	inbreeding	depression	and	can	be	considered	as	evidence	of	the	
“general	 effect”	 hypothesis	 that	 states	 that	 heterozygosity	 at	 neutral	
microsatellites	is	representative	of	genome-	wide	heterozygosity,	which	






2002).	 Identity	 disequilibrium,	 a	 correlation	 between	 heterozygosity	
and	homozygosity	across	loci,	was	found	among	the	MHC	markers	pro-




















relations	 found	with	MHC	heterozygosity	were	 not	 simply	 genome-	
wide	effects	but	direct	effects	of	the	MHC	on	the	analyzed	traits.
Several	 studies	 on	 heterozygosity–fitness	 correlations	 as	 well	
as	 the	 previous	 findings	 on	 this	 species	 (Brambilla	 et	al.,	 2015)	 and	
the	 results	 of	 this	 study	 demonstrated	 that	 both	 genome-	wide	 and	
MHC	heterozygosity	 play	 a	 role	 in	 fitness.	Yet,	we	 have	 also	 found	
that	genome-	wide	heterozygosity	and	heterozygosity	at	MHC	are	not	

























β ± SE,  
(Confidence intervals)































     |  11BRAMBILLA et AL.
site	and	is	known	for	generally	extremely	high	polymorphisms	(for	in-
stance,	several	hundred	alleles	in	humans).	In	Alpine	ibex,	four	alleles	
were	 found	 at	 the	microsatellite	OLADRB1,	 but	 only	 two	 different	





alleles	occurred	with	 the	 same	other	Alpine	 ibex	DRB	exon	 II	 allele	
(Caib-	DRB*1).	 We	 confirmed	 the	 findings	 by	 Grossen	 et	al.	 (2014)	
that	 allele	 184	was	 rare	 in	 the	 population	 of	Gran	 Paradiso	 (2.7%).	
























After	 a	 severe	 bottleneck	 at	 the	 beginning	 of	 19th	 century,	 Alpine	
ibex	 recovered	and,	 thanks	 to	a	very	successful	 reintroduction	pro-
gram,	 are	 now	 again	 spread	 across	 the	 entire	 Alpine	 arc	 (around	
50,000	individuals	counted	on	the	Alps	in	2013,	GPNP,	unpublished	
data).	However,	genetic	consequences	of	the	reintroduction	history,	
including	 low	genetic	 diversity	 and	 strong	population	 structure,	 are	
still	visible	(Biebach	&	Keller,	2009;		Grossen	et	al.,	2017).




respiratory	 diseases	 in	Vanoise	 (Garnier	 et	al.,	 2016),	 and	 infectious	
keratoconjunctivitis	in	several	populations,	including	the	source	of	all	
existing	Alpine	 ibex	populations,	 the	Gran	Paradiso	population.	Our	









an	 issue	 in	 the	 case	of	 disease	outbreaks,	 but	we	were	not	 able	 to	
identify	 specific	 genes	 involved	 in	 the	 process	 demonstrating	 that	
the	dynamic	between	genetic	variation	and	disease	resistance	(more	
in	general,	also	fitness)	is	complex	and	caution	has	to	be	taken	when	




Although	 it	may	 be	 tempting	 to	 plan	 reintroduction	 and	 restocking	
actions	selecting	individuals	for	their	heterozygosity	at	specific	gene	
regions	 (e.g.,	 genes	 involved	 in	 the	 immune	 response),	 this	 has	 to	
be	avoided	as	 it	may	 lead	 to	 the	selection	of	 individuals	with	 lower	
genome-	wide	variation	or	lower	variation	at	other	less	investigated	re-
gions.	A	careful	solution	for	planning	translocation	might	be	to	choose	










also	on	management	 strategies	 in	 the	 case	of	 an	outbreak.	A	 strat-
egy	sometimes	used	during	infectious	keratoconjunctivitis	outbreaks	
in	managed	 populations	 is	 the	withdrawal	 of	 individuals	 as	 soon	 as	
they	show	symptoms	in	order	to	reduce	the	spread	of	the	disease.	This	
strategy	may	appear	optimal	as	it	is	expected	to	preferentially	remove	
individuals	 with	 lower	 genetic	 quality	 at	 immune-	related	 loci	 (here	
lower	heterozygosity	at	the	MHC).	However,	our	results	show	that	it	
may	also	remove	genome-	wide	variation	from	the	population	that	 is	





the	 knowledge	 on	 the	 relationship	 between	 variation	 at	 disease-	
relevant	 loci	 as,	 for	 instance,	 the	 MHC	 and	 disease	 susceptibility	
in	 wild	 bottlenecked	 populations	 in	 order	 to	 inform	 management	
decisions.
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